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Abstract
Bitter taste receptors (T2Rs) are expressed in the mammalian gastrointestinal mucosa. In
the mouse colon, T2R138 is localized to enteroendocrine cells and is upregulated by long-
term high fat diet that induces obesity. The aims of this study were to test whether T2R38
expression is altered in overweight/obese (OW/OB) compared to normal weight (NW) sub-
jects and characterize the cell types expressing T2R38, the human counterpart of mouse
T2R138, in human colon. Colonic mucosal biopsies were obtained during colonoscopy
from 35 healthy subjects (20 OW/OB and 15 NW) and processed for quantitative RT-PCR
and immunohistochemistry using antibodies to T2R38, chromogranin A (CgA), glucagon
like peptide-1 (GLP-1), cholecystokinin (CCK), or peptide YY (PYY). T2R38 mRNA levels in
the colonic mucosa of OW/OB were increased (> 2 fold) compared to NW subjects but did
not reach statistical significance (P = 0.06). However, the number of T2R38 immunoreactive
(IR) cells was significantly increased in OW/OB vs. NW subjects (P = 0.01) and was signifi-
cantly correlated with BMI values (r = 0.7557; P = 0.001). In both OW/OB and NW individu-
als, all T2R38-IR cells contained CgA-IR supporting they are enteroendocrine. In both
groups, T2R38-IR colocalized with CCK-, GLP1- or PYY-IR. The overall CgA-IR cell popula-
tion was comparable in OW/OB and NW individuals. This study shows that T2R38 is
expressed in distinct populations of enteroendocrine cells in the human colonic mucosa
and supports T2R38 upregulation in OW/OB subjects. T2R38 might mediate host functional
responses to increased energy balance and intraluminal changes occurring in obesity,
which could involve peptide release from enteroendocrine cells.
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Introduction
The gastrointestinal (GI) tract mucosa detects luminal nutrients and non-nutrients through
different effectors and sends information to the nervous system to initiate appropriate func-
tional responses ranging from digestion and absorption to defense mechanisms to protect from
outside threat [1–5]. The GI mucosa serves as a sensory organ and expresses a variety of sen-
sory receptors, including short chain fatty acids, bile acid, pathogen-recognition receptors and
multiple taste receptors that discriminate palatable from potentially harmful substances [4,6–
11]. Sensory receptors are mostly located on enteroendocrine (EEC) cells of the GI mucosa lin-
ing, which respond to luminal content by releasing chemical messengers to activate enteric and
extrinsic neurons, immune cells or distant targets through the blood stream, and play a critical
role in integrating inputs from luminal content and regulating food intake via gut to brain
pathways [4,8,12–14].
Taste receptors (TRs) that detect complex tastes such as sweet, savory (umami) and bitter
tastes, comprise two major families of G protein coupled receptors, the taste 1 receptors (T1Rs)
that function as dimers to detect sweet (T1R2 and T1R3) or umami (T1R1 and T1R3) and the
taste 2 receptors, T2Rs that include 25–30 subtypes and detect a large variety of bitter tastants
[15–20]. Upon stimulation, TRs interact with specific G protein subunits, such as α-gustducin
and other transducers leading to Ca2+ increase and transmitter release [15, 21–25]. TRs and
associated signaling molecules are found in extra-oral sites, including the digestive system
where they are localized to epithelial cells including EEC and brush cells [10,17,25–34]. These
findings, together with the observation that tastants increase intracellular Ca2+ and induce
release of GI peptides from EEC cells in vitro and in vivo, support the concept that TRs play a
role in chemosensing in the gut [17,20,22,28,35,36]. This hypothesis is reinforced by findings
that intraluminal tastants induce activation of vagal afferents and food aversion, alter food
intake and inhibit gastric emptying [35,37–39]. Moreover, diet manipulations have been
shown to alter the expression of TR subtypes and associated signaling molecules further
strengthening the concept that taste receptors serve as “sensors” of diet-induced changes in the
luminal contents [30,33,40].
In a previous study, we have shown that in mice, a long-term high fat diet inducing obesity
results in a selective upregulation in the distal colon of the T2R subtype, T2R138, which is acti-
vated by phenylthiocarbamide (PTC), and the signaling molecule α-gustducin. In contrast, a
high fat diet does not affect the T2R108, which is activated by denatonium benzoate [33]. Since
long-term high fat diet inducing obesity is known to induce gut dysbiosis [41,42] and T2R138
is most abundant in the colon [33], the gut region richest in bacteria, it is likely that T2R138
functions as sensor for subpopulations of intestinal bacteria. Such a sensory role has been
shown in the respiratory system where T2R38, the human PTC receptor, is activated by gram-
negative bacterial products to induce a protective immune response [43,44].
The aims of this study were to compare the expression of T2R38 in the colonic mucosa of
overweight and obese (OW/OB) vs. normal weight (NW) subjects and characterize the types of
cells containing T2R38 immunoreactivity (IR) in the human colonic mucosa using samples of
colonic biopsies with quantitative RT-PCR, single and double immunofluorescence and confo-
cal microscopy.
Materials and Methods
Study participants
Male and female healthy individuals ages 18–55 were recruited primarily by community adver-
tisement. A medical history and physical examination and completion of validated
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questionnaires measuring GI and non-GI symptoms were performed at the screening visit.
Lean (NW) subjects were classified as those with a body mass index (BMI) 25.0 kg/m2 and
OW/OB subjects had a BMI 25.1 kg/m2. Study participants did not have personal or family
history of GI conditions such as irritable bowel syndrome or other chronic pain conditions.
Additional exclusion criteria for all subjects included: infectious or inflammatory disorders,
active psychiatric illness as assessed by structured clinical interview for the DSM-IV (Mini-
International Neuropsychiatric Interview), or current tobacco or alcohol abuse. All subjects
were compensated for participating in the study, and written informed consent was obtained
from all subjects. The study was approved by the University of California Los Angeles (UCLA)
Institutional Review Board and was conducted in accordance with the institutional guidelines
regulating human subjects research.
Flexible sigmoidoscopies and human colonic biopsies
Colonic mucosal biopsies were taken at 30 cm from the anal verge during a flexible sigmoidos-
copy, which was performed in the medical procedures unit. Mucosal samples were collected
and immediately snap frozen and stored at -80°C for RNA extraction and qRT-PCR expression
analysis or fixed for 2 hours in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, and
paraffin embedded for immunohistochemistry.
RNA extraction and quantitative Real-Time RT-PCR
Total RNA was isolated from human colonic mucosal biopsies using Qiagen RNeasy Minikit
(74104, Qiagen, Valencia, CA) and DNase I treatment was performed to eliminate genomic
DNA contamination [33]. RNA quality was assessed by measuring absorbance at 260nm and
280nm (OD260nm/OD280nm> 1.8). We used 2% agarose gel electrophoresis to assess geno-
mic DNA contamination and RNA integrity, which was verified by the presence of two distinct
bands that correspond to 18S and 28S rRNA. Complementary DNA was generated using
superscript III reverse transcriptase kit (Invitrogen) according to the manufacturer’s instruc-
tions on a DNA Thermal Cycler Engine, BIO-RAD. Quantitative real-time reverse transcrip-
tion polymerase chain reaction (qRT-PCR) was performed using Taqman Gene expression
assays for hT2R38 (Applied Biosystem Hs00604294_s1). Standard thermal cycles (40 cycles)
for Taqman Gene assays were run on a Mx3000P Real-time PCR DetectionSystem (Stratagene)
and data were analyzed with Mx Pro 1000 software. 18S RNA (18S RNA, Applied Biosystem
Hs03928990_g1) and β-actin (ACTB, Applied Biosystem Hs4333762T_g1) were used as refer-
ence genes and the relative abundance of mRNA expression was calculated using the ΔΔCt
method (User Bulletin #2, ABI Prism 7700 Sequence Detection System) [33,45]. Samples were
run in duplicates in separate experiments and No-RT and distilled RNAse-free water controls
were always included. qRT-PCR products were checked by 4% agarose gel electrophoresis for
bands of correct sizes.
Immunohistochemistry
Serial (5 μm thick) sections from the colonic mucosa of OW/OB (n = 20) and NW (n = 10)
subjects were mounted on poly-L-lysine–coated slides and processed for single and double
labeling immunofluorescence [30] using antibodies directed against human T2R38, chromo-
granin A (CgA), or specific markers for EECs subtypes (CCK, GLP-1 and PYY) Table 1. Briefly,
sections were deparaffinized through graded ethanols to xylene, rehydrated and heated in
sodium citrate buffer (pH 6.0) in a microwave (2 cycles at 600 W, 5 min each) for antigen
unmasking. After treatment, slides were incubated in 10% normal donkey serum/0.01 M phos-
phate buffer saline (PBS) for 1 hour at room temperature in order to reduce non-specific
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bindings, followed by a combination of primary antibodies made in different species in PBS
(overnight, 4°C). Sections were then incubated with a mixture of secondary antibodies (1 hour
at room temperature), coverslipped with aqua-poly/mount (Polysciences Inc, Warrington, PA,
USA) and stored at -20°C until quantitative analysis was performed. Since the PYY antiserum
was raised in rabbit as the T2R38 antiserum, for colocalization studies we utilized the proce-
dure and the appropriate specificity controls previously described by Takechi et al. (2008) to
visualize more than one antigen and avoid cross-reactivity of rabbit-generated antisera [46] as
in our previously published work [29]. Briefly, sections were sequentially incubated with one
antiserum (PYY) at a dilution below the detectability by a standard fluorescently-linked sec-
ondary antibody overnight, followed by donkey anti-rabbit IgG linked to biotin. Sections were
then incubated with the other antibody (hT2R38) at the optimal dilution for detectability with
standard fluorescently-linked secondary antibody overnight, finally they were incubated with a
mixture of Texas Red Streptavidin (SA-5006, Vector laboratories, Peterborough, UK) and don-
key anti-rabbit IgG-Alexa 488. The levels of detectability of each antiserum with the biotin-
streptavidin amplification or the standard fluorescently labeled secondary were previously
established for T2R38 and PYY. The sources and dilutions of primary and secondary antibod-
ies are listed in Table 1.
The antibody against T2R38 has been well characterized in human circumvallate papillae
[47]. Specificity of immunostaining for CgA [10, 30], and CCK [10, 30] has been previously
reported in mammals, including humans. Specificity for GLP-1 and PYY antibodies was dem-
onstrated by the lack of immunostaining when the antibodies were pre-adsorbed with an excess
of the homologous peptide. In addition, omission of the primary antibody excluded inappro-
priate binding of the secondary antibody.
Quantitative assessment of immunolabeled cells
Quantitative analysis of immunolabeled cells was performed to determine the density of
T2R38-IR cells in NW vs. OW/OB subjects, and of T2R38-IR cells coexpressing CgA, CCK,
GLP-1 or PYY in both groups. Cell counting was performed in a blind manner by two expert
operators using a laser scanning confocal microscope (ZEISS 510 Meta, Carl Zeiss Inc, Thorn-
wood, NY) equipped with an appropriate filter to discriminate different fluorescent fluoro-
phores. Since the 40X objective has a field of view = 0.28 mm2, we randomly selected to assess
Table 1. List of primary and secondary antibodies used in this study with the respective code, source and dilution.
Primary antisera Species Code Dilution Source
T2R38 Rabbit ab65509 1:1000 Abcam
CgA Goat Sc-18232 1:200 Santa Cruz
CCK Mouse 9303 1:800 #CURE/DDRC
GLP-1 (7–36) Mouse 70.113 1:1000 #CURE/DDRC
PYY (1–36) Rabbit 9153 1:2500 #CURE/DDRC
Secondary antisera Code Dilution Supplier
Donkey anti-Rabbit IgG (H+L), Alexa Fluor1 488
conjugate
A21206 1:1000 Invitrogen
Donkey anti-Goat IgG (H+L), Alexa Fluor1 594
conjugate
A11058 1:600 Invitrogen
Donkey anti-Mouse IgG (H+L), Alexa Fluor1 594
conjugate
A21203 1:1000 Invitrogen
Donkey anti-Rabbit IgG (H+L) biotin conjugate Ab6801 1:400 Abcam
# CURE/DDRC: CURE Digestive Diseases Research Center, UCLA
doi:10.1371/journal.pone.0147468.t001
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12 fields per sample in order to determine the average number of cells immunoreactive for
T2R38, CgA, CCK, GLP-1 or PYY in an area of 3.4 mm2. Since we counted immunopositive
cells on a 5μm section, a 20μm interval between 4 consecutive sections was selected to avoid
cell re-counting and therefore related quantitative biases.
Statistical analysis
qRT-PCR and cell quantification values were expressed as a mean ± standard error of the
mean (SEM). Differences in mRNA level and cell number between the two groups of interest
(OW/OB vs. NW) were analyzed using the unpaired Student’s t-test, whereas for comparison
among different groups of EEC cells in OW/OB and NW subjects we used one-way ANOVA
followed by the Bonferroni test (Graph Prism 5, GraphPad Softwere, Inc., La Jolla, CA, USA).
P<0.05 was considered significant. To determine whether T2R38 expression correlated with
the BMI of our subjects, we did a correlation analysis between the T2R38 mRNA levels or
T2R38-IR cell numbers and the BMI values of the subjects investigated using D’Agostino and
Pearson normality test followed by Spearman rank correlation test (Graph Prism 5, GraphPad
Softwere, Inc., La Jolla, CA, USA).
Results
Clinical characteristics of study participants
A total of 35 healthy volunteers participated in the study and included 20 OW/OB subjects and
15 lean subjects. The 15 NW subjects were comprised of 7 men and 8 women with a mean age
of 34.8 ± 3.0 years (range 22–55) and had a mean BMI of 20 ± 0.5 kg/m2. Of the 20 OW/OB sub-
jects, there were 11 men and 9 women with a mean age of 36.5 ± 2.8 years (range 20–55) and
mean BMI of 32 ± 0.7 kg/m2. Samples from these subjects (35 total) were used for qRT-PCR (11
NW and 14 OW/OB) and/or for immunohistochemistry (10 NW and 20 OW/OB).
hT2R38 mRNA levels and T2R38-IR cells density in the colonic mucosa
of normal weight and overweight/obese subjects
Since the levels of T2R38 mRNA in OW and OB subjects were comparable, they were grouped
together. There was a marked increase (>2 fold) in the level of expression of T2R38 mRNA in
OW/OB compared to NW subjects (3.56 ± 0.8 vs. 1.68 ± 0.5, respectively; n = 11 NW and
n = 14 OW/OB) (Fig 1A), which did not reach statistical significance (P = 0.06).
T2R38-IR was localized to cells located in the epithelial lining and throughout the glandular
epithelium of the descending colon in NW and OW/OB subjects (Fig 1C and 1D). T2R38-IR
cells were significantly more abundant in the OW/OB than in NW individuals (P = 0.01)
Table 2.
There was a highly significant positive correlation between the density of T2R38-IR cells
and BMI values (P = 0.001), but not between T2R38 mRNA levels and BMI (Fig 2).
Characterization of T2R38-IR cells in colonic mucosa of NW and OW/
OB subjects
All the T2R38-IR cells co-expressed CgA, while not all CgA-IR cells co-expressed T2R38-IR
Table 2 (Fig 3A and 3B) in either NW or OW/OB subjects. T2R38-IR cells had an elongated or
pear shape with a homogenously labeled cytoplasm and some cells were characterized by cyto-
plasmic prolongations extending up to the endoluminal surface, consistent with an 'open type'
morphology, while others exhibited a 'close type' profile with rounded shape cells and were
confined to the basal lamina (Fig 3C and 3D) [5,14].
T2R38 Expression in Colonic Mucosa
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Fig 1. T2R38mRNA levels and T2R38-IR cell in colonic mucosal biopsies of NW and OW/OB subjects. (A) T2R38 mRNA levels in NW and OW/OB
subjects analyzed by means of qRT-PCR and normalized to 18S RNA levels. Each cDNA sample was amplified in duplicate and all data are expressed as
the mean ± SEM. The levels of T2R38 mRNA were markedly, but not significantly (P = 0.06) increased in OW/OB compared to NW subjects. (B) Single
bands of the predicted size (116 bp for T2R38) were found in colonic samples of OW/OB and NW subjects. RNA 18S (187 bp; arrow) served as reference
gene. The left column shows the ladder. (C and D) Confocal images of T2R38 immunoreactivity (IR) in the colonic glands in NW (C) and OW/OB (D) subjects.
Note the markedly higher density of T2R38-IR cells in OW/OB vs. NW subjects. Calibration bar: 200 μm.
doi:10.1371/journal.pone.0147468.g001
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T2R38-IR colocalized with immunoreactivity for CCK, GLP-1 or PYY (Fig 4A–4F), pep-
tides that are released by different nutrients, affect digestive functions and act as satiety signals
[2,48]. T2R38/CCK-, GLP-1- or PYY-IR cells showed either elongated or pear-like shape (Fig
4A–4F).
T2R38/CgA-IR cells are significantly increased in OW/OB vs. NW subjects, whereas the
overall CgA cells population (T2R38 positive and T2R38 negative) was similar in OW/OB and
Table 2. Quantification of T2R38-IR and CgA-IR cells in NW and OW/OB individuals.
Subjects T2R38-IR cells CgA-IR cells %T2R38-/CgA-IR cells
Normal Weight n = 10 55.9± 7.9 138 ± 5.6 40.9±3.1
Overweight/Obese n = 20 124.9 ± 16.0** 146 ± 2.7 86.4±1.7***
Values represent the mean ± SEM.
** P < 0.01,
*** P <0.001 vs. normal weight group.
doi:10.1371/journal.pone.0147468.t002
Fig 2. Graphical representations of Spearman Correlation (r) test. Spearman correlation test was
performed between T2R38 expression and BMI in the subjects included in this study. There was no
significant correlation between T2R38 mRNA levels and BMI values (A) (r = 0.06998; P = 0.7694), but there
was a highly significant and positive correlation between the density of T2R38-IR cells and BMI values (B)
(r = 0.7557; P = 0.001).
doi:10.1371/journal.pone.0147468.g002
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NW subjects Table 2 (Fig 5A). The percentage of T2R38/CgA-IR cells in the OW/OB group
was more than doubled compared to NW subjects as shown in Table 2 (P<0.001). There was
no significant difference in the number of T2R38/GLP1-IR cells (30.3 ± 4.6 vs. 18.7 ± 2.8),
T2R38/CCK-IR cells (25.7 ± 3.2 vs. 19.6 ± 2.2) or T2R38/PYY-IR cells (50.7 ± 7.9 vs.
44.8 ± 11.4) in OW/OB vs. NW individuals (Fig 5B–5D). Similarly, there was no significant dif-
ference between the number of CCK-IR, GLP-1-IR and PYY-IR cells in OW/OB compared to
NW as illustrated in Table 3. The highest T2R38-IR expression was in the CCK population in
both the OW/OB and NW group, and the percentage of T2R38/CCK-IR cells was significantly
higher in OW/OB vs. NW subjects, whereas there were no significant differences between the
percentages of the T2R38/GLP1-IR or T2R38/PYY-IR in OW/OB vs. NW groups
Fig 3. Representative confocal images of T2R38- and CgA-IR cells. (A) Shows a T2R38-IR cell (arrow) which is immunoreactive for chromogranin A
(CgA)-IR (B, arrow) in the colonic mucosa of a NW subject. The arrowheads in A and B indicate a CgA-IR cell not containing T2R38-IR. C and D show the
different types of morphology of T2R38-IR cells. Arrows in C point to an “open-type” EEC cell with T2R38-IR, while the arrow in D points to a T2R38-IR cell
displaying characteristics of “closed-type” EEC cells. Images in C and D are from colonic mucosa of OW/OB subjects. Both T2R38-IR types of cells were
observed also in the colonic mucosa of NW subjects (not shown). Calibration bar: 50μm.
doi:10.1371/journal.pone.0147468.g003
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Fig 4. Colocalization of T2R38-IR with CCK-, GLP-1- or PYY-IR immunoreactivity.Confocal images showing T2R38-IR cells (A, C and E, arrows)
containing immunoreactivity for CCK (B), GLP-1 (D) or PYY (F). The arrowheads in A and B indicate a T2R38-IR cell not containing CCK-IR. Calibration bar:
50μm.
doi:10.1371/journal.pone.0147468.g004
T2R38 Expression in Colonic Mucosa
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Discussion
This study shows that the bitter taste receptor subtype, T2R38 is expressed by the human
colonic mucosa, where it is localized to distinct types of EEC cells, including CCK, GLP-1, and
PYY cells. We show for the first time that T2R38 is upregulated in overweight and obese
Fig 5. Density of T2R38 subpopulations of EEC cells in NW and OW/OB subjects. (A) Density of T2R38/CgA-IR cells in NW compared to OW/OB
subjects. (B-D) Density of T2R38/GLP-1-IR (B), T2R38/CCK-IR (C) and T2R38/PYY-IR (D) cells in NW and OW/OB subjects. All data are expressed as
mean ± SEM. ** indicate a statistically significant difference, P = 0.01 between NW and OW/OB groups.
doi:10.1371/journal.pone.0147468.g005
Table 3. T2R38-IR expression in CCK, GLP-1 and PYY populations in normal and overweight/obese subjects.
Subjects CCK-IR cells %T2R38/ CCK-IR cells GLP1-IR cells %T2R38/ GLP1-IR cells PYY-IR cells %T2R38/ PYY-IR cells
NW n = 10 22.9±2.4 85.7±1.8* 49.8±7.8 45.1±8.7 59±13 67.1±8.7
OW/OB n = 20 27.2±3.1 93.1±2.9* 59.8±6.7 54.1±5.6 88.5±10.1 56.7±5.4
Values represent the mean±SEM of the average number of cells and the % of each EEC population expressing T2R38-IR.
* P< 0.03 between %T2R38/CCK-IR cells in OW/OB vs. NW subjects.
doi:10.1371/journal.pone.0147468.t003
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subjects as indicated by the marked and significant increase in number of T2R38-IR cells with-
out changes in the overall density of EEC cells in the colonic mucosa of OW/OB vs. NW sub-
jects. In the OW/OB group, there was also a trend in T2R38 mRNA increase (~2 fold
compared to the NW group), but the difference between the two groups did not reach statisti-
cal significance. This could be explained by differences between T2R38 transcription and trans-
lation or by the smaller number of samples from OW/OB subjects utilized for qRT-PCR
analysis compared to those used for the immunohistochemical analysis (14 and 20, respec-
tively). T2R38 is confined to EEC cells in the human colonic mucosa, since all epithelial cells
identified with T2R38 immunostaining were also immunoreactive for the EEC cell generalized
marker, CgA. This differs from the mouse, where the colocalization between T2R138, the
mouse counterpart of the human T2R38, and CgA was not complete indicating that other cell
types express this T2R138 subtype [33]. This is in line with the distribution of α-gustducin, the
major taste receptor signaling molecule, which has been found in EEC and non-EEC cells in
the mouse GI tract [26,32,49], whereas it has been localized only in EEC cells in the human
colonic mucosa [10]. EEC cells are regarded as primary chemoreceptors that respond to lumi-
nal constituents by releasing secretory products that activate neuronal pathways, nearby cells
or distant targets to induce functional responses [2,3,5]. The presence of T2R38-IR in both
EEC ‘open cells’ with extensions reaching the luminal surface where they can detect luminal
content, and EEC ‘closed cells’ that do not reach the lumen but can be regulated by luminal
content indirectly through neural and humoral mechanisms [2,50], is consonant with T2R38
acting as sensor of luminal contents. The increased expression of T2R38 in the mucosa of OW/
OB compared to NW subjects suggests a modulation of this TR in the context of obesity, and
possibly alterations in dietary composition.
T2R38 expression was most abundant in EEC cells producing CCK ranging from ~85% of
the CCK-IR cells in NW to ~93% in OW/OB individuals. CCK is a gut peptide released by the
breakdown of proteins and fats, which modulates gastrointestinal secretion and motility, trig-
gers digestive enzyme release and induces satiation via vagal afferent neurons [2,51]. T2R38
expression is also abundant in cells producing GLP-1 and PYY ranging from ~45% to>65% of
GLP-1- and PYY-IR cells, respectively. GLP-1 and PYY are peptides that are released in
response to different nutrients such as fats and carbohydrates. GLP-1 and PYY are incretins
involved in nutrient absorption and energy storage and implicated in the pathogenesis of meta-
bolic disorders, including obesity and type 2 diabetes [1,52,53]. GLP-1 and PYY also serve as
satiety signals and mediate an aversive food response similarly to what observed by intraluminal
bitter stimuli [37,38,54,55]. The abundant expression of T2R38-IR in different EEC subpopula-
tions is consistent with the involvement of this receptor in the biological functions mediated by
different peptides released upon activation of these cells. T2R38 might regulate energy balance,
food intake, absorption and satiety through peptide release in response to intraluminal changes
in both NW and OW/OB individuals. Indeed, bitter tastants, including T2R38 selective ligand,
PTC, induce CCK and GLP-1 release from EEC cells in vitro and in vivo [9,22,28] as well as
PYY release (unpublished data). Intraluminally administered bitter ligands, including PTC,
have been shown to activate vagal afferents presumably through the release of bioactive peptides
including PYY and CCK resulting in modulation of ingestive behavior, motility and secretion
[37–39]. The significant upregulation of T2R38 in the overall EEC cell population might repre-
sent adaptation of the GI mucosa to intraluminal changes induced by increased food intake and
obesity. It is now recognized that EEC cells have complex phenotypes and can produce different
peptides, which may affect each other when released upon stimulation [56]. T2R38 activation
could affect body homeostasis through the release of multiple peptides including CCK, GLP-1,
and PYY but also gastric inhibitory peptide and GLP-2 that can be produced by the same cells
containing GLP1 and PYY [56]. In animal models, we have previously shown that different
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types of diets altered the expression of T2R subtypes and taste-associated molecules in different
regions of the gut [30,33], and that a long-term high fat diet inducing obesity resulted in
T2R138 upregulation in the mouse colonic mucosa, where T2R138-IR was localized to EEC
cells [33]. Whereas we do not know the dietary composition in the subjects included in the pres-
ent study, OW/OB subjects had a positive energy balance as indicated by increased BMI pre-
sumably due to increased food consumption compared to NW individuals, which is likely to
result in changes in the luminal content. This is supported by the highly significant and positive
correlation of T2R38-IR cell density and the BMI values. Whether there are pre-existing differ-
ences in the number of T2R38/EEC cells in individuals who become overweight or obese cannot
be answered by our findings. T2R138 (the rodent equivalent of T2R38 in human) was upregu-
lated in the colon mucosa of mice fed long-term high fat diet but not in their littermates fed reg-
ular diet [33], suggesting that the changes in T2R138 expression in these animals were diet-
induced. It is reasonable to hypothesize that T2R38 upregulation in the colonic mucosa of the
OW/OB subjects is also induced by the excess of fat intake resulting in excess weight. Altered
expression of taste molecules, including increased expression of gustatory signaling elements
and a decrease in T1R3, the sweet-umami receptor [17,27], has also been reported in the gastric
mucosa of morbidly obese patients compared to controls [40]. All together, these findings sup-
port the involvement of taste elements in chemosensing in the GI tract.
Bitter taste has evolved as a central warning signal against harmful substances and elicits
defensive responses. Several lines of evidence support that extra-oral T2Rs might serve as
defense mechanisms against external or internal threats. In the gut, bitter tastants induce con-
ditioned flavor avoidance, inhibit food intake and gastric emptying, modulate gut efflux mem-
brane transporters and increase intestinal chloride secretion [28,35–38,57], mechanisms aimed
at reducing the contact with and exposure to harmful substances. The GI lumen contains a
large variety of substances ranging from nutrients and enzymatic breakdown of ingested food,
food-born contaminants, toxins, microbial products and bacteria, many of which could pose a
threat [4]. It is known that obesity is associated with changes in luminal microbial composition
(such as an increased Firmicutes to Bacteriodetes ratio) resulting in low grade chronic inflam-
mation in the gut and other organs, and is likely to represent the initial stage of metabolic disar-
ray [41,42,58]. The human colon is one of the gut regions with the highest microbial density,
which is estimated to be around 1011−1012 per gram of contents containing up to a thousand
species [59]. Since bacterial populations are altered by obesity-inducing diets, one can hypothe-
size that T2R38 senses bacteria or their products, which induce functional responses mediated
by peptide release. Indeed, in a pilot study, we found that antibiotic treatment that has been
shown to reduce diet-induced gut dysbiosis, reverses diet-induced T2R138 upegulation, sup-
porting the concept that this bitter taste receptor interacts with luminal bacteria (unpublished
data). This is in line with findings in the respiratory system, where T2R38 has been shown to
detect bacterial signals such as quorum sensing molecules that regulate bacteria-bacteria and
bacteria-host communication and initiate an immune response and antimicrobial program to
protect from pathogens [43,44,60]. Interestingly, T2R38 is characterized by polymorphisms
that determine the ability to detect bitterness, which might influence food intake, but also affect
individual susceptibility to respiratory infections and are associated with changes in eating
behaviours [44,61,62]. Overweight and obesity defined as abnormal or excessive fat accumula-
tion directly related to imbalance between caloric intake and energy expenditures affect mil-
lions of people worldwide and represent an important burden to the society because of the
impact on morbidity and mortality due to metabolic disarray [63,64]. The identification of sen-
sory receptors detecting changes in luminal contents in diet-induced weight increase represents
an important step toward the elucidation of the molecular events underlying intraluminal che-
mosensing and ultimately the discovery of new therapeutic approaches for obesity.
T2R38 Expression in Colonic Mucosa
PLOS ONE | DOI:10.1371/journal.pone.0147468 February 11, 2016 12 / 16
Author Contributions
Conceived and designed the experiments: CS LC EM PC RDG. Performed the experiments: RL
JH MM EB. Analyzed the data: RL JH AGMM EB. Wrote the paper: RL JH LC EM PC RDG
CS.
References
1. Cummings DE, Overduin J. Gastrointestinal regulation of food intake. J Clin Invest. 2007; 117(1):13–
23. PMID: 17200702.
2. Dockray GJ. Luminal sensing in the gut: an overview. J Physiol Pharmacol. 2003; 54 Suppl 4:9–17.
PMID: 15075445.
3. Furness JB, KunzeWA, Clerc N. Nutrient tasting and signaling mechanisms in the gut. II. The intestine
as a sensory organ: neural, endocrine, and immune responses. Am J Physiol. 1999; 277(5 Pt 1):G922–
8. PMID: 10564096.
4. Furness JB, Rivera LR, Cho HJ, Bravo DM, Callaghan B. The gut as a sensory organ. Nat Rev Gastro-
enterol Hepatol. 2013; 10(12):729–40. PMID: 24061204. doi: 10.1038/nrgastro.2013.180
5. Hofer D, Asan E, Drenckhahn D. Chemosensory Perception in the Gut. News Physiol Sci. 1999;
14:18–23. PMID: 11390812.
6. Artis D. Epithelial-cell recognition of commensal bacteria and maintenance of immune homeostasis in
the gut. Nat Rev Immunol. 2008; 8(6):411–20. doi: 10.1038/nri2316 PMID: 18469830.
7. Depoortere I. Taste receptors of the gut: emerging roles in health and disease. Gut. 2014; 63(1):179–
90. doi: 10.1136/gutjnl-2013-305112 PMID: 24131638.
8. Janssen S, Depoortere I. Nutrient sensing in the gut: new roads to therapeutics? Trends Endocrinol
Metab. 2013; 24(2):92–100. doi: 10.1016/j.tem.2012.11.006 PMID: 23266105.
9. Rozengurt E. Taste Receptors in the Gastrointestinal Tract. I. Bitter taste receptors and {alpha}-gustdu-
cin in the mammalian gut. Am J Physiol Gastrointest Liver Physiol. 2006; 291(2):G171–7. PMID:
16710053.
10. Rozengurt N, Wu S, Chen MC, Huang C, Sternini C, Rozengurt E. Co-localization of the {alpha} subunit
of gustducin with PYY and GLP-1 in L cells of human colon. Am J Physiol Gastrointest Liver Physiol.
2006. PMID: 16728727.
11. Sternini C. Taste receptors in the gastrointestinal tract. IV. Functional implications of bitter taste recep-
tors in gastrointestinal chemosensing. Am J Physiol Gastrointest Liver Physiol. 2007; 292(2):G457–61.
PMID: 17095755.
12. Raybould HE. Does Your Gut Taste? Sensory Transduction in the Gastrointestinal Tract. News Physiol
Sci. 1998; 13:275–80. PMID: 11390803.
13. Rehfeld JF. A centenary of gastrointestinal endocrinology. HormMetab Res. 2004; 36(11–12):735–41.
doi: 10.1055/s-2004-826154 PMID: 15655701.
14. Sternini C, Anselmi L, Rozengurt E. Enteroendocrine cells: a site of 'taste' in gastrointestinal chemosen-
sing. Curr Opin Endocrinol Diabetes Obes. 2008; 15(1):73–8. PMID: 18185066. doi: 10.1097/MED.
0b013e3282f43a73
15. Adler E, Hoon MA, Mueller KL, Chandrashekar J, Ryba NJ, Zuker CS. A novel family of mammalian
taste receptors. Cell. 2000; 100(6):693–702. PMID: 10761934.
16. Chandrashekar J, Mueller KL, Hoon MA, Adler E, Feng L, GuoW, et al. T2Rs function as bitter taste
receptors. Cell. 2000; 100(6):703–11. PMID: 10761935.
17. Margolskee RF, Dyer J, Kokrashvili Z, Salmon KS, Ilegems E, Daly K, et al. T1R3 and gustducin in gut
sense sugars to regulate expression of Na+-glucose cotransporter 1. Proc Natl Acad Sci U S A. 2007;
104(38):15075–80. PMID: 17724332.
18. Matsunami H, Montmayeur JP, Buck LB. A family of candidate taste receptors in human and mouse.
Nature. 2000; 404(6778):601–4. PMID: 10766242.
19. Meyerhof W, Batram C, Kuhn C, Brockhoff A, Chudoba E, Bufe B, et al. The molecular receptive ranges
of human TAS2R bitter taste receptors. Chem Senses. 2010; 35(2):157–70. PMID: 20022913. doi: 10.
1093/chemse/bjp092
20. Wu SV, Chen MC, Rozengurt E. Genomic organization, expression, and function of bitter taste recep-
tors (T2R) in mouse and rat. Physiol Genomics. 2005; 22(2):139–49. PMID: 15886333.
21. Behrens M, Meyerhof W. Gustatory and extragustatory functions of mammalian taste receptors. Phy-
siol Behav. 2011; 105(1):4–13. PMID: 21324331. doi: 10.1016/j.physbeh.2011.02.010
T2R38 Expression in Colonic Mucosa
PLOS ONE | DOI:10.1371/journal.pone.0147468 February 11, 2016 13 / 16
22. Chen MC, Wu V, Reeve JR, Rozengurt E. Bitter stimuli induce Ca2+ signaling and CCK release in
enteroendocrine STC-1 cells: role of L-type voltage-sensitive Ca2+ channels. Am J Physiol Cell Phy-
siol. 2006. PMID: 16707556.
23. HeW, Yasumatsu K, Varadarajan V, Yamada A, Lem J, Ninomiya Y, et al. Umami taste responses are
mediated by alpha-transducin and alpha-gustducin. J Neurosci. 2004; 24(35):7674–80. PMID:
15342734.
24. Wong GT, Gannon KS, Margolskee RF. Transduction of bitter and sweet taste by gustducin. Nature.
1996; 381(6585):796–800. PMID: 8657284.
25. Young RL, Sutherland K, Pezos N, Brierley SM, Horowitz M, Rayner CK, et al. Expression of taste mol-
ecules in the upper gastrointestinal tract in humans with and without type 2 diabetes. Gut. 2009; 58
(3):337–46. doi: 10.1136/gut.2008.148932 PMID: 19039089.
26. Hofer D, Drenckhahn D. Identification of the taste cell G-protein, alpha-gustducin, in brush cells of the
rat pancreatic duct system. Histochem Cell Biol. 1998; 110(3):303–9. PMID: 9749964.
27. Jang HJ, Kokrashvili Z, Theodorakis MJ, Carlson OD, Kim BJ, Zhou J, et al. Gut-expressed gustducin
and taste receptors regulate secretion of glucagon-like peptide-1. Proc Natl Acad Sci U S A. 2007; 104
(38):15069–74. PMID: 17724330.
28. Jeon TI, Zhu B, Larson JL, Osborne TF. SREBP-2 regulates gut peptide secretion through intestinal bit-
ter taste receptor signaling in mice. J Clin invest. 2008; 118(11):3693–700. PMID: 18846256. doi: 10.
1172/JCI36461
29. Latorre R, Mazzoni M, De Giorgio R, Vallorani C, Bonaldo A, Gatta PP, et al. Enteroendocrine profile of
alpha-transducin immunoreactive cells in the gastrointestinal tract of the European sea bass (Dicen-
trarchus labrax). Fish Physiol Biochem. 2013; 39(6):1555–65. PMID: 23748963. doi: 10.1007/s10695-
013-9808-4
30. Mazzoni M, De Giorgio R, Latorre R, Vallorani C, Bosi P, Trevisi P, et al. Expression and regulation of
alpha-transducin in the pig gastrointestinal tract. J Cell Mol Med. 2013; 17(4):466–74. PMID:
23414137. doi: 10.1111/jcmm.12026
31. Prandi S, Bromke M, Hubner S, Voigt A, BoehmU, Meyerhof W, et al. A subset of mouse colonic goblet
cells expresses the bitter taste receptor Tas2r131. PloS one. 2013; 8(12):e82820. Epub 2013/12/25.
doi: 10.1371/journal.pone.0082820 PMID: 24367558.
32. Sutherland K, Young RL, Cooper NJ, Horowitz M, Blackshaw LA. Phenotypic characterization of taste
cells of the mouse intestine. Am J Physiol Gastrointest Liver Physiol. 2007; 292:G1420–G8. PMID:
17290008
33. Vegezzi G, Anselmi L, Huynh J, Barocelli E, Rozengurt E, Raybould H, et al. Diet-induced regulation of
bitter taste receptor subtypes in the mouse gastrointestinal tract. PloS one. 2014; 9(9):e107732. Epub
2014/09/23. doi: 10.1371/journal.pone.0107732 PMID: 25238152.
34. Wu SV, Rozengurt N, Yang M, Young SH, Sinnett-Smith J, Rozengurt E. Expression of bitter taste
receptors of the T2R family in the gastrointestinal tract and enteroendocrine STC-1 cells. Proc Natl
Acad Sci U S A. 2002; 99(4):2392–7. PMID: 11854532.
35. Janssen S, Laermans J, Verhulst PJ, Thijs T, Tack J, Depoortere I. Bitter taste receptors and a-gustdu-
cin regulate the secretion of ghrelin with functional effects on food intake and gastric emptying. Proc
Natl Acad Sci U S A. 2011; 108(5):2094–9. PMID: 21245306. doi: 10.1073/pnas.1011508108
36. Jeon TI, Seo YK, Osborne TF. Gut bitter taste receptor signalling induces ABCB1 through a mechanism
involving CCK. Biochem J. 2011; 438(1):33–7. PMID: 21592089. doi: 10.1042/BJ20110009
37. Glendinning JI, Yiin YM, Ackroff K, Sclafani A. Intragastric infusion of denatonium conditions flavor
aversions and delays gastric emptying in rodents. Physiol Behav. 2008; 93(4–5):757–65. PMID:
18174110. doi: 10.1016/j.physbeh.2007.11.029
38. Hao S, Dulake M, Espero E, Sternini C, Raybould HE, Rinaman L. Central Fos expression and condi-
tioned flavor avoidance in rats following intragastric administration of bitter taste receptor ligands. Am J
Physiol Regul Integr Comp Physiol. 2009; 296(3):R528–36. PMID: 19073908. doi: 10.1152/ajpregu.
90423.2008
39. Hao S, Sternini C, Raybould HE. Role of CCK1 and Y2 receptors in activation of hindbrain neurons
induced by intragastric administration of bitter taste receptor ligands. Am J Physiol Regul Integr Comp
Physiol. 2008; 294(1):R33–8. PMID: 18003792.
40. Widmayer P, Kuper M, Kramer M, Konigsrainer A, Breer H. Altered expression of gustatory-signaling
elements in gastric tissue of morbidly obese patients. Int J Obes (Lond). 2012; 36(10):1353–9. doi: 10.
1038/ijo.2011.216 PMID: 22083550; PubMed Central PMCID: PMC3466488.
41. Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM, Delzenne NM, et al. Changes in gut microbiota
control metabolic endotoxemia-induced inflammation in high-fat diet-induced obesity and diabetes in
mice. Diabetes. 2008; 57(6):1470–81. PMID: 18305141. doi: 10.2337/db07-1403
T2R38 Expression in Colonic Mucosa
PLOS ONE | DOI:10.1371/journal.pone.0147468 February 11, 2016 14 / 16
42. Turnbaugh PJ, Backhed F, Fulton L, Gordon JI. Diet-induced obesity is linked to marked but reversible
alterations in the mouse distal gut microbiome. Cell Host Microbe. 2008; 3(4):213–23. PMID:
18407065. doi: 10.1016/j.chom.2008.02.015
43. Lee RJ, Chen B, Redding KM, Margolskee RF, Cohen NA. Mouse nasal epithelial innate immune
responses to Pseudomonas aeruginosa quorum-sensing molecules require taste signaling compo-
nents. Innate Immun. 2013. PMID: 24045336.
44. Lee RJ, Xiong G, Kofonow JM, Chen B, Lysenko A, Jiang P, et al. T2R38 taste receptor polymorphisms
underlie susceptibility to upper respiratory infection. J CLin Invest. 2012; 122(11):4145–59. PMID:
23041624. doi: 10.1172/JCI64240
45. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402–8. Epub 2002/02/16. doi: 10.1006/
meth.2001.1262 PMID: 11846609.
46. Takechi R, Galloway S, Pallebage-Gamarallage MMS, Johnsen RD, Mamo JCL. Three-dimensional
immunofluorescent double labelling using polyclonal antibodies derived from the same species: entero-
cytic colocalization of chylomicrons with Golgi apparatus. Histochem Cell Biol. 2008; 129:779–784.
PMID: 18299879. doi: 10.1007/s00418-008-0404-0
47. Behrens M, Born S, Redel U, Voigt N, Schuh V, Raguse JD, et al. Immunohistochemical detection of
TAS2R38 protein in human taste cells. PloS One. 2012; 7(7):e40304. doi: 10.1371/journal.pone.
0040304 PMID: 22792271.
48. Dockray G. Gut endocrine secretions and their relevance to satiety. Curr Opin Pharmacol. 2004; 4
(6):557–60. PMID: 15525543.
49. Hofer D, Puschel B, Drenckhahn D. Taste receptor-like cells in the rat gut identified by expression of
alpha-gustducin. Proc Natl Acad Sci U S A. 1996; 93(13):6631–4. PMID: 8692869.
50. Dockray GJ, Varro A, Dimaline R. Gastric endocrine cells: gene expression, processing, and targeting
of active products. Physiol Rev. 1996; 76(3):767–98. PMID: 8757788.
51. Havel PJ. Peripheral signals conveying metabolic information to the brain: short-term and long-term
regulation of food intake and energy homeostasis. Exp Biol Med (Maywood). 2001; 226(11):963–77.
PMID: 11743131.
52. Batterham RL, Bloom SR. The gut hormone peptide YY regulates appetite. Ann N Y Acad Sci. 2003;
994:162–8. PMID: 12851312.
53. Gautier JF, Fetita S, Sobngwi E, Salaun-Martin C. Biological actions of the incretins GIP and GLP-1
and therapeutic perspectives in patients with type 2 diabetes. Diabetes Metab. 2005; 31(3 Pt 1):233–
42. PMID: 16142014.
54. Halatchev IG, Cone RD. Peripheral administration of PYY(3–36) produces conditioned taste aversion
in mice. Cell Metab. 2005; 1(3):159–68. PMID: 16054059.
55. Schirra J, Goke B. The physiological role of GLP-1 in human: incretin, ileal brake or more? Regul Pept.
2005; 128(2):109–15. doi: 10.1016/j.regpep.2004.06.018 PMID: 15780430.
56. Latorre R, Sternini C, De Giorgio R, Greenwood-Van Meerveld B. Enteroenocrine cells: a review of
their role in gut-brain communication. Neurogastro Motil, In press.
57. Kaji I, Karaki S, Fukami Y, Terasaki M, Kuwahara A. Secretory effects of a luminal bitter tastant and
expressions of bitter taste receptors, T2Rs, in the human and rat large intestine. Am J Physiol Gastro-
intest Liver Physiol. 2009; 296(5):G971–81. PMID: 19179623. doi: 10.1152/ajpgi.90514.2008
58. Cani PD, Delzenne NM, Amar J, Burcelin R. Role of gut microflora in the development of obesity and
insulin resistance following high-fat diet feeding. Pathol Biol (Paris). 2008; 56(5):305–9. PMID:
18178333.
59. Ley RE, Peterson DA, Gordon JI. Ecological and evolutionary forces shaping microbial diversity in the
human intestine. Cell. 2006; 124(4):837–48. PMID: 16497592.
60. Lee RJ, Kofonow JM, Rosen PL, Siebert AP, Chen B, Doghramji L, et al. Bitter and sweet taste recep-
tors regulate human upper respiratory innate immunity. J Clin Invest. 2014; 124(3):1393–405. PMID:
24531552. doi: 10.1172/JCI72094
61. Dotson CD, Shaw HL, Mitchell BD, Munger SD, Steinle NI. Variation in the gene TAS2R38 is associ-
ated with the eating behavior disinhibition in Old Order Amish women. Appetite. 2009; 54(1):93–9.
PMID: 19782709. doi: 10.1016/j.appet.2009.09.011
62. Tepper BJ. Nutritional implications of genetic taste variation: the role of PROP sensitivity and other
taste phenotypes. Annu Rev Nutr. 2008; 28:367–88. PMID: 18407743. doi: 10.1146/annurev.nutr.28.
061807.155458
63. Lim SS, Vos T, Flaxman AD, Danaei G, Shibuya K, Adair-Rohani H, et al. A comparative risk assess-
ment of burden of disease and injury attributable to 67 risk factors and risk factor clusters in 21 regions,
T2R38 Expression in Colonic Mucosa
PLOS ONE | DOI:10.1371/journal.pone.0147468 February 11, 2016 15 / 16
1990–2010: a systematic analysis for the Global Burden of Disease Study 2010. Lancet. 2012; 380
(9859):2224–60. doi: 10.1016/S0140-6736(12)61766-8 PMID: 23245609.
64. NgM, Fleming T, Robinson M, Thomson B, Graetz N, Margono C, et al. Global, regional, and national
prevalence of overweight and obesity in children and adults during 1980–2013: a systematic analysis
for the Global Burden of Disease Study 2013. Lancet. 2014; 384(9945):766–81. doi: 10.1016/S0140-
6736(14)60460-8 PMID: 24880830.
T2R38 Expression in Colonic Mucosa
PLOS ONE | DOI:10.1371/journal.pone.0147468 February 11, 2016 16 / 16
